Human Derlin-1 was originally identified as a US11-interacting protein required for cytomegalovirus-mediated turnover of the class I major histocompatibility complex (MHC) heavy chain 1 and as an endoplasmic reticulum (ER) membrane binding site for p97/VCP (known as Cdc48 in yeast) 2 . In mammalian cells, degradation of both soluble and integral membrane ERAD substrates requires Derlin-1 or one of its paralogs, Derlin-2 or 3, 4) . By contrast, yeast lacking the Derlin-1 ortholog Der1 are unable to degrade secreted ERAD substrates but are proficient at degrading integral membrane proteins [5] [6] [7] . In addition, yeast contain a second Derlin homolog, Dfm1, deletion of which does not appear to confer a defect in degradation of misfolded secreted proteins 8,9 but may stabilize some integral membrane ERAD substrates 10 . Derlins are integral membrane proteins proposed to span the ER membrane four times 1, 8 and have been observed to form homo-oligomers and heteromultimeric complexes 11-13 with membrane-bound machinery essential for ERAD, including the E3 ubiquitin ligase Hrd1 and its binding partner SEL1L. Antibodies targeting the cytosolic C terminus of Derlin-1 abolish the in vitro dislocation of mutant pro-α-factor from canine microsomes 14 . Whereas the precise function of Derlins is unclear, they have been proposed to function in the formation of an ER export channel through which ERAD substrates can pass 1,2 . In this study we identified an evolutionary relationship between Derlins and rhomboid family intramembrane proteases, ubiquitous enzymes found in all kingdoms of life, whose functions extend to a broad range of biological activities [15] [16] [17] [18] .
Human Derlin-1 was originally identified as a US11-interacting protein required for cytomegalovirus-mediated turnover of the class I major histocompatibility complex (MHC) heavy chain 1 and as an endoplasmic reticulum (ER) membrane binding site for p97/VCP (known as Cdc48 in yeast) 2 . In mammalian cells, degradation of both soluble and integral membrane ERAD substrates requires Derlin-1 or one of its paralogs, Derlin-2 or Derlin-3 (refs. 1, 3, 4) . By contrast, yeast lacking the Derlin-1 ortholog Der1 are unable to degrade secreted ERAD substrates but are proficient at degrading integral membrane proteins [5] [6] [7] . In addition, yeast contain a second Derlin homolog, Dfm1, deletion of which does not appear to confer a defect in degradation of misfolded secreted proteins 8, 9 but may stabilize some integral membrane ERAD substrates 10 . Derlins are integral membrane proteins proposed to span the ER membrane four times 1, 8 and have been observed to form homo-oligomers and heteromultimeric complexes [11] [12] [13] with membrane-bound machinery essential for ERAD, including the E3 ubiquitin ligase Hrd1 and its binding partner SEL1L. Antibodies targeting the cytosolic C terminus of Derlin-1 abolish the in vitro dislocation of mutant pro-α-factor from canine microsomes 14 . Whereas the precise function of Derlins is unclear, they have been proposed to function in the formation of an ER export channel through which ERAD substrates can pass 1, 2 . In this study we identified an evolutionary relationship between Derlins and rhomboid family intramembrane proteases, ubiquitous enzymes found in all kingdoms of life, whose functions extend to a broad range of biological activities [15] [16] [17] [18] .
The crystal structure of the bacterial rhomboid protease GlpG revealed the presence of an active site Ser-His dyad contained within an aqueous membrane-embedded cavity 19 , thereby allowing water to access the active site during substrate hydrolysis. A number of rhomboid family members lack the catalytic Ser-His dyad required for proteolytic activity 20 but are predicted to retain the overall rhomboid architecture. The function of these inactive rhomboid pseudoproteases is poorly understood. We found that Derlins also lack an active site Ser-His dyad but contain other conserved motifs that are essential for the catalytic function of homologous rhomboid proteases. Our data suggest a role for the Derlin-1 rhomboid pseudoprotease domain in facilitating the release of ERAD substrates from the ER following their transfer across the membrane.
RESULTS

Homology of Derlin-1 with rhomboid membrane proteases
Bioinformatic analysis of the Derlin-1 membrane domain using the Phyre homology server 21 revealed an unexpected but highly significant shared homology (E value of 6.3 × 10 −13 ) between Derlin-1 and GlpG, a bacterial member of the rhomboid family of intramembrane proteases, whose ability to cleave membrane protein substrates has been characterized extensively in vitro and in vivo [22] [23] [24] [25] [26] . In addition, the remote homology detection server HHpred 27 predicted Derlin-1 and GlpG to be homologs at a confidence level of 99.8%. Rhomboids are ubiquitous across evolution and function in a wide variety of biological processes, including EGFR signaling 16, 17 , quorum sensing 28 and parasite invasion 29, 30 . Although rhomboids are highly divergent, sharing only ~6% sequence identity across known family members within a core six-pass transmembrane region 24 , the Phyre and HHpred analyses identified several regions that are highly conserved 1 1 4 8 VOLUME 18 NUMBER 10 OCTOBER 2011 nature structural & molecular biology a r t i c l e s in rhomboids and were also found to be highly conserved among Derlins (Fig. 1a) . In GlpG and secretase-type rhomboids, a 'WR motif ' (Q/ExWRxxS/T) is conserved in loop L1 connecting TM1 and TM2 (ref. 20) of the core rhomboid domain, a motif previously noted in Derlins 22 . The L1 loop is a structural feature unique to rhomboid family proteins and unusual in that it is membrane-embedded and protrudes laterally into the bilayer 19, 31 . Molecular dynamics simulations of GlpG within a model lipid bilayer suggest that L1 mediates rearrangement of the surrounding lipid environment and may also be involved in regulating the positioning and dynamics of the enzyme 32 . A second feature, the GxxxG transmembrane dimerization motif in TM6 of the core rhomboid domain, probably enables tight packing of TM4 and TM6, thereby aligning the active site Ser-His dyad 19, 31 . Mutations within either motif substantially reduce or abolish proteolytic activity 22, 26, 33, 34 . A threaded homology model of Derlin-1 based on a published structure of GlpG 19 predicts that conserved WR and GxxxG motifs are located in putative L1 and TM6 of Derlin-1 respectively, identical to their positions in GlpG (Fig. 1b,c) . In addition, positively charged residues were found flanking the cytoplasmic side of each predicted transmembrane span in the homology model (Fig. 1d) , consistent with the positive-inside topological rule 35 . Because the rhomboid active site Ser-His dyad is not conserved within Derlins (Fig. 1a) , Derlins are unlikely to be proteolytically active despite their homology to rhomboid proteases. Phylogenetic analysis of rhomboid family proteins grouped Derlins with two subfamilies of rhomboid proteins that contain predicted UBA domains at their C termini ( Supplementary Fig. 1 ), suggesting a conserved ubiquitin-related function among this subset of rhomboids.
We validated the Derlin-1 homology model by Ramachadran plot analysis (Supplementary Fig. 2 ), which revealed that ~98% (174 of 178) of the residues in the Derlin-1 homology model were in allowed regions. This is highly comparable to a recently reported homology model of the mitochondrial rhomboid PARL 36 , generated from structures of GlpG, in which ~97% of the modeled residues were in allowed regions. In both models, the outlying residues were located exclusively within loops or turns, which are known to be difficult to model. These data suggest that the Derlin-1 homology model is of similar quality to one constructed of PARL, an established member of the rhomboid family.
The core membrane domain of rhomboid family members contains a six-pass transmembrane topology 19 . Therefore, the placement of Derlins into the rhomboid family is incompatible with previous studies that support a four-pass transmembrane structure 1, 8 , which may have confounded the interpretation of previous sequence comparisons between Derlins and known rhomboid proteases 20 . To distinguish between the four-and six-pass models, we experimentally mapped Derlin-1 topology by subcellular localization of the N-and C-termini and insertional mutagenesis of N-linked glycosylation acceptor sequences. Antibodies against hemagglutinin (HA) or S-tag were used a r t i c l e s to label the ER in cells expressing Derlin-1 tagged with these epitopes at its N-and C termini, respectively, under conditions in which the plasma membrane, but not the ER membrane, was selectively permeabilized (Fig. 1e) . Both termini of Derlin-1 were thus exposed to the cytoplasm, consistent with previous studies localizing the Derlin-1 C terminus to the cytoplasm 1, 4 . Glycosylation acceptor sequences were inserted into the predicted loops of Derlin-1, and N-glycosylation, indicative of luminal localization, was assessed by immunoblot analysis of cell lysates treated with endoglycosidase H (Endo H). S-tagged Derlin-1 was glycosylated when acceptor sequences were inserted after residues Ala45, Leu114 and Val170, but not Ala90 or Val142, consistent with the six-pass rhomboid homology model and incompatible with the previously reported four-pass model (Fig. 1f,g ). We found that the cytoplasmic localization of the C terminus of each of the chimeras was unaffected by the insertion of the glycosylation acceptor sequence (Supplementary Fig. 3) , suggesting that the overall topology of the Derlin-1 chimeras was not disrupted. These data, together with the structural modeling and bioinformatic analysis, support a six-pass transmembrane topology for Derlin-1 and thus its classification as a rhomboid family member.
Derlin-1-bound p97/VCP is required for the extraction of NHK Considerable genetic and biochemical evidence implicate the AAA ATPase p97/VCP in driving dislocation of ERAD substrates [37] [38] [39] . We reasoned that disruption of the Derlin-1-p97/VCP interaction 11, 12 should impair the dislocation of a folding-defective secreted protein.
The yeast Derlin homolog Dfm1 (but not Der1) binds Cdc48, the yeast ortholog of p97/VCP, through two SHP boxes (FxGxGQRn, where n is a non-polar residue) in its cytoplasmic domain 9 , but it is dispensible for the degradation of misfolded secreted proteins 8, 9 . We identified sequences at the C termini of Derlin-1 and Derlin-2 that fit the consensus SHP box motif present in Dfm1 and other p97/VCP/Cdc48 binding proteins 40 (Fig. 2a,b) . Deletion of the SHP box in Derlin-1 or Derlin-2 resulted in the loss of p97/VCP association (Fig. 2c) but not that of another interacting protein, UBXD8 (ref. 41) , demonstrating that Derlin1/2 SHP boxes are essential specifically for their ability to bind to p97/VCP.
To determine whether the Derlin-1-p97/VCP interaction is essential for dislocation of a soluble ERAD substrate, we assessed the effect of S-tagged wild-type Derlin-1 (Derlin-1 WT ) or mutant Derlin-1 lacking the SHP box on the degradation of coexpressed NHK, a constitutively degraded truncated variant of α-1 antitrypsin 4, 42 . Coexpression of HA-tagged NHK with Derlin-1 or Derlin-1 lacking the entire cytoplasmic domain led to the appearance of a nonglycosylated form of NHK that comigrated with NHK from lysates treated with Endo H (Fig. 2d-g and Supplementary Fig. 4) . The abundance of this species was reduced when NHK was co-transfected with a green fluorescent protein (GFP) control or wild-type Derlin-1 expressed at similar levels ( Fig. 2d-f) . Knockdown of PNG1, an enzyme that deglycosylates ERAD substrates in the cytoplasm before degradation 43 , largely eliminated this nonglycosylated form in cells coexpressing NHK and Derlin-1 (Fig. 2h) , indicating that these faster migrating species represent NHK species that had been deglycosylated by PNG1 and confirming their exposure to the cytoplasm [43] [44] [45] . Deglycosylated forms of NHK coprecipitated with mutant Derlin-1 and Derlin-1 (Fig. 2d) , demonstrating that disruption of the Derlin-1-p97/VCP interaction stabilized a fraction of NHK in a deglycosylated form at the cytoplasmic face of the ER membrane still associated with Derlin-1. In addition, the observation that NHK coprecipitated with Derlin-1 (Fig. 2d) demonstrates that the Derlin-1 rhomboid domain is sufficient to bind NHK. Together, these data indicate that in mammalian cells, unlike in yeast, the Derlin-1 SHP box recruits p97/VCP to functional ERAD complexes for the extraction of misfolded secreted proteins from the cytoplasmic face of the ER membrane. Stabilization of ERAD substrates at the cytoplasmic face of the ER has also been observed in yeast strains expressing 46, 47 . Our data therefore suggest a role for Derlin-1-bound p97/VCP in the latter step in the dislocation of NHK.
The GxxxG motif is essential for NHK extraction from the ER
To test whether the Derlin-1 rhomboid domain is required for NHK dislocation, we compared the effect of expressing Derlin-1 G176V , mutated within the GxxxG motif, with the SHP box mutant Derlin-1 1-240 on the dislocation of NHK. Coexpression of Derlin-1 G176V with NHK resulted in a marked stabilization of deglycosylated NHK, compared to expression of Derlin-1 WT , truncated Derlin-1 1-240 or a GFP control (Fig. 3a,b) . We observed deglycosylated NHK coprecipitating with Derlin-1 G176V (Fig. 3a) , indicating that a fraction of NHK remained associated with the ER membrane. We assessed whether deglycosylated forms of NHK stabilized by Derlin-1 G176V were cytosolically exposed by treating membranes purified from cells expressing NHK and Derlin-1 G176V with proteinase K. The C-terminal HA-tag of deglycosylated NHK was completely sensitive to proteolysis, whereas a substantial fraction of fully glycosylated NHK was protected, indicating that deglycosylated NHK was accessible to the cytoplasm (Fig. 3c,d) . By contrast, luminal proteins (BiP and GRP94) or the luminal domain of an integral membrane protein (SEL1L) were resistant to protease treatment. Identical results were obtained with NHK tagged at both its N-and C termini with 3×Flag and HA-tags respectively (Supplementary Fig. 5 ), indicating that both termini of deglycosylated NHK were exposed to the cytoplasm. However, these forms were still associated with the lipid bilayer, as they sedimented exclusively in a membrane fraction (Supplementary Fig. 5 ). This effect was specific to mutation of the GxxxG motif because expression of another GxxxG mutant, Derlin-1 G180V , but not Derlin-1 G29V or Derlin-1 G147V , that contains glycine mutations outside the GxxxG motif, resulted in a similar phenotype (Fig. 3e) . Thus, expression of Derlin-1 G176V or Derlin-1 G180V severely impairs the extraction of NHK from the ER membrane. The observation that Derlin-1 G180V still coprecipitated p97/VCP together with endogenous Derlin-1 (Fig. 3f) demonstrates that the dislocation defect observed in the presence of the rhomboid domain mutant is not due to impaired p97/VCP binding or loss of the ability to form homo-oligomers. In addition, short hairpin RNA (shRNA)-mediated knockdown of Derlin-1 resulted in comparable stabilization of deglycosylated NHK (data not shown), indicating that the dominant negative effect of the Derlin-1 GxxxG mutants is a result of a loss of Derlin-1 function. Together, these data demonstrate that the GxxxG motif within the Derlin-1 rhomboid domain is essential for the extraction of NHK from the cytoplasmic face of the ER membrane independently of Derlin-1's function as an ER membrane anchor for p97/VCP.
Expression of Derlin-1 WR motif mutants impairs NHK dislocation
To determine whether the L1 loop of the Derlin-1 rhomboid domain is essential for the dislocation of NHK, we tested the effect of expressing Derlin-1 containing mutations within the WR motif on the steady-state levels and glycosylation status of NHK. Unexpectedly, the levels of Triton X-100-soluble NHK were greatly reduced when NHK was coexpressed with Derlin-1 mutated at any of the four conserved WR motif residues (Q51A, W53A, R54A or T57A), but not with Derlin-1 WT or Derlin-1 W106A , mutated at a less conserved tryptophan residue outside the WR motif, or with a GFP control (Fig. 4a) . This reduction in NHK levels may be explained by either reduced solubility or increased degradation of NHK. NHK was largely found in a Triton X-100-soluble fraction in cells expressing Derlin-1 WT , whereas the majority of NHK became Triton X-100-insoluble in cells expressing mutant Derlin-1 R54A (Fig. 4b) . A substantial fraction of this insoluble material was deglycosylated (Fig. 4b) , indicating that expression of Derlin-1 R54A leads to both impaired dislocation and accumulation of aggregated, insoluble NHK. The effect of disrupting the WR motif on NHK degradation was not due to impaired binding of p97/VCP, as equivalent amounts of p97/VCP were coprecipitated with Derlin-1 WT and Derlin-1 R54A (Fig. 4c) . Furthermore, expression of Derlin-1 W53A or Derlin-1 G176V , but not Derlin-1 WT , resulted in a marked stabilization of NHK (Fig. 4d,e) . In addition, we tested the stability of the Derlin mutants W53A and G176V, which appeared to be expressed at lower levels in some experiments, and found no gross differences in the stability of a r t i c l e s these variants compared to wild-type Derlin-1 (Fig. 4f) . The effects of these mutants was not due to ectopic cellular localization, as the Derlin-1 mutants were localized normally to the ER (Supplementary Fig. 6) . Therefore, the Derlin-1 WR motif is essential for NHK dislocation in a manner that is independent of p97/VCP recruitment; its disruption leads to stabilization of aggregated forms of NHK, suggesting a critical role for the L1 loop of Derlin-1 in maintaining the solubility of folding-defective secreted protein during dislocation.
DISCUSSION
Derlins were originally proposed to be transmembrane channels though which ERAD substrates are dislocated across the ER membrane 1,2 . However, the structure of the homologous rhomboid protease GlpG, the only member of this protein family for which a high resolution structure exists, lacks any evident path through the membrane and is thus inconsistent with a channel-like function. Therefore, barring major structural differences between Derlins and GlpG, or induced conformational changes, it is unlikely that Derlins themselves function as dislocation channels.
The destabilization and unfolding of polypeptide substrates is a prerequisite to their hydrolysis by rhomboid proteases, as scissile peptide bonds within the membrane are normally hidden within transmembrane α-helices. The Derlin-1 rhomboid domain may, together with p97/VCP, promote unfolding of the integral membrane oligomeric complexes formed by the dislocation machinery 48 , thereby facilitating disassembly of the dislocation machinery and enabling the subsequent release of substrates following their transfer across the membrane. Complete loss of Derlin function would lead to a failure to disassemble ERAD complexes for a second round of dislocation, and this may explain why pre-incubation of microsomes with antibodies against Derlin-1 was observed to block the in vitro dislocation of mutant pro-α-factor only after a short lag in which the initial rate of dislocation was unaltered 14 .
Finally, Derlins may interact directly with substrates to enable their extraction from the ER membrane. Derlins and p97/VCP may function in an analogous fashion to the mitochondrial rhomboid Pcp1, which also cooperates closely with a AAA ATPase, m-AAA, to dislocate and cleave Ccp1 within the mitochondrial inner membrane 49 . The irregular shape of rhomboids, due in part to the amphipathic L1 loop and their small hydrophobic thickness, has been proposed to substantially compress and deform the bilayer to facilitate the unfolding and exposure of substrate cleavage sites 33 . This property may endow Derlins with the ability to facilitate the release of substrates from a membrane-associated state during dislocation.
Of the thirteen predicted rhomboid genes in the human genome, including Derlins, only five encode the conserved catalytic Ser-His dyad (Supplementary Fig. 2) . The biological functions of inactive rhomboids are largely unknown. However, one recent report 50 demonstrates that the ER-localized inactive rhomboid iRhom functions as a negative regulator of neuronal EGFR signaling in Drosophila melanogaster by facilitating the degradation of EGFR ligands by the proteasome, thereby establishing a functional link between a rhomboid pseudoprotease and ERAD. We propose that Derlins represent an expansion of this function in the broader context of ER quality control.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
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